Introduction: Severe tortuosity of the cervical segment of the internal carotid artery (ICA) may hamper the navigation of intravascular devices for the management of complex intracranial aneurysms and even conventional techniques of ICA access can fail. In a group of selected cases, we analyzed the efficacy and safety of carotid stenting to straighten the Severe tortuosity for direct navigation of the devices.
Abstract
Introduction: Severe tortuosity of the cervical segment of the internal carotid artery (ICA) may hamper the navigation of intravascular devices for the management of complex intracranial aneurysms and even conventional techniques of ICA access can fail. In a group of selected cases, we analyzed the efficacy and safety of carotid stenting to straighten the Severe tortuosity for direct navigation of the devices.
Methods: A case series of 16 patients harboring 18 intracranial aneurysms with a difficult endovascular approach because of a cervical ICA with Severe tortuosity were prospectively recruited at our institution from January 2005 to December 2007. When traditional means of correction could not surmount this obstacle, an overlap stenting with a distal-to-proximal technique was used to overcome the Severe tortuosity.
The efficacy of the procedure was defined as the ability to reach and be able to treat the target lesion with a smooth navigation of the endovascular devices. Safety was documented by procedure-related complications.
Results: The straightening of the vessel by the stent helped to overcome pitfalls, making possible an obstacle-free navigation of the endovascular devices to the target lesion in all cases. In 5 cases with severe or double kinking, a distal transfer of the curve beyond the stent was observed, without impact on the efficacy of the procedure. One case of periprocedural related technical complication occurred with a permanent stroke. During the follow-up period (22.7 ± 8.4 months) no case of stent-related stroke or severe hyperplasia was observed.
Conclusions: Carotid stenting is an available option when a cervical ICA with Severe tortuosity hampers a smooth
Introduction
Endovascular treatment is an accepted worldwide method for the management of intracranial aneurysms, most of the lesions are now amenable to this kind of treatment (1, 2) . A subgroup of complex lesions require the use of special techniques as balloon-remodelling (3), stent-assisted coiling (2, 4, 5) or sole stenting (6) (7) (8) (9) , thus enlarging the application of endovascular therapy to those challenging lesions.
Successful navigation with use of the aforementioned techniques is usually possible; however, in some patients, the navigability, trackability and deliverability of these devices can be hindered by excessive vascular intracranial tortuosity (5, (10) (11) (12) (13) . In fact, failed attempts for coiling the targeted lesions can be up to 16%, mainly because of the inability to catheterize the aneurysm. (32) The issue of the extracranial tortuosity is not less important (14) . Guiding catheters have progressively improved their flexibility while maintaining sufficient stability at their distal end, with sufficient back-up support (14, 15) ; however, this advantage is difficult to accomplish in cases of kinked or very tortuous extracranial ICA.
Some newer guiding catheters have been introduced, but still have some limitations especially when an assisted coiling is required.
The recent technical improvements of intracranial stents have not completely resolved the problem of navigability in cases of hostile extracranial anatomy. (52, 53) Transitory endovascular strategies to straighten this kink have been devised (double-wire and coaxial doubleguiding catheter technique) (15, 16) , but are sometimes not sufficient to allow easy navigation or delivering the devices at the intended position, representing additional manipulations, carrying the risks of cause dissection and occlusion/subocclusion of the artery (17, 18) . Other strategies have been described, as the direct puncture of the ICA (10, 19) or cut-down techniques with surgical exposure of the artery (17, 20) . These maneuvers are not devoid of complications and seem not easy in distal kinkings. Carotid stenting is now widely used in the management of atherosclerotic cerebrovascular disease with safety (21-24), however, the use of this technique to provide straightforward access to the intracranial aneurysms and avoid potential complications has never been described.
The goal of this paper is to present the results of a case series of selected complex intracranial aneurysms with a failed access using traditional strategies, and requiring the correction of extracranial K-T for successful treatment.
Material and methods

Study design and patient selection
This is a prospective case series of patients harboring intracranial aneurysms of the anterior circulation who underwent endovascular straightening of the K-T of the cervical ICA to enable safe embolization of the target lesion. The patients were consecutively recruited in a period Demographic features and previous medical history were recorded. The aneurysms were classified according to their clinical presentation into: ruptured (acute or previous hemorrhage) and non-ruptured (either incidental or symptomatic). The patients with subarachnoid hemorrhage (SAH) were assessed using the Hunt and Kosnik scale (25) , while the rest were evaluated using the modified Rankin scale (mRS) (26) .
Preprocedural imaging assessment
Prior to their enrollment, all the patients were assessed by digital subtraction angiography (DSA) using a 3D AXIOM Artis dBA (Siemens Medical Systems, Erlangen, Germany) and morphologic evaluation and measurements of the parent vessel were done on a separate workstation by using reconstructed 3D-DSA images (Leonardo workstation).
For the evaluation of the tortuosity, the angiographic projection with the best visualization was chosen and was measured by drawing a midaxis line of the involved vessel in the segments proximal and distal to the tortuous segment (27) . The intersection of both lines allowed measuring the angle. The elongation of the internal carotid artery (ICA) was defined according to preestablished criteria (28, 29, 46, 47, 48, 49, 50, 51, 52) .
Aneurysms. Intracranial aneurysms were classified according to their size, location, shape, and site of origin. Regarding size, the universal criteria for small, large and giant were kept. Neck size and dome-neck ratio were also noted.
Technical obstacles leading to the indication of stenting. They were categorized as follows:
1) inability to cross the kinked segment 2) partially obstructing guiding catheter 3) instability/excessive mobility of the guiding catheter, 4) unstable or difficult navigation/delivering/deploying an intracranial of intracranial devices (e.g., coils).
The difficulty to straighten the kinked vessel was foreseen according to the supplementary maneuvers that were required. Either a hydrophilic 0.038" or 0.035" guidewire was capable of correcting the vessel, or in some cases, a single supportive guidewire or a double supportive "buddy" guidewire was needed.
Endovascular procedure
Carotid stenting. The morphologic evaluation and measurements of the parent vessel allowed the planning of the strategy and the choice of tailored devices. An 8 F guiding catheter (Guider, Boston Scientific, Fremont, CA) was placed in the common carotid artery via the femoral route.
In all cases, a transitory correction of the kinking was attempted by using a 0.035" or 0.038" hydrophilic guidewire, stiff 0.014" guidewires (30) or a double supportive "buddy" guidewire.
Once the vessel has been transitorily "straightened" with these methods, a selfexpanding stent (Wallstent, Boston Scientific, Natick, Ma.) is navigated to the desired position. No protection devices were employed.
The planned technique was to deploy the first stent as distally as possible in the ICA (transition to petrous segment) and to place a second stent proximally with an overlapping technique. In certain cases, additional stents were necessary until the kinking resolved completely.
Once the stent was deployed, tirofiban (Aggrastat™) was prescribed in all cases at a conventional dosage of 0.4 μg/Kg/min for half an hour and 0.1 μg/Kg/min for the next 24 hours. Later on, the treatment was switched to a double oral regime with clopidogrel 75mg qd and aspirin 100mg qd for the next 6 months (7, 8, 31) .
Management of the aneurysms. They were treated with the required strategy for the corresponding parent vessel-aneurysm complex pattern: simple coiling, stentassisted coiling or sole stenting. The navigability of the devices and the percentage of occlusion were noted.
Efficacy and safety of the procedure. The procedure was considered technically successful whenever the guiding catheter permitted independent coaxial mobility of the device contained therein and a successful navigation/delivery/deployment of the intended devices and inadequate when the ancillary procedure did not allow a better result when treating of the target lesion.
The procedure-related complications were categorized as follows: access siterelated complications, hemodynamic effects (hypotension, bradycardia), and neurological impairment (classified as transient, reversible or permanent) (14) .
Clinical and imaging follow-up
Every single patient was clinically assessed at discharge and at 3 rd , 6
th and 12 th months using the mRS (26) . The aneurysm and the stents were assessed by DSA at 3, 6 and 12 months.
Statistical analysis
We employed descriptive statistics with measures of the central tendency and dispersion (± standard deviation) in case of continuous variables and proportions and percentages in nominal variables. Non parametric inferential statistic for nominal or ordinal variable was applied (χ2 or exact Fisher test), using SPSS statistical package (SPSS, Chicago, IL), the level of significance was set at a probability value of less than 0.05.
Ethical considerations
The decision was jointly taken with the Department of Neurosurgery. All the patients either did not qualify or refused neurosurgical treatment. A written informed consent form was obtained from all the patients and/or their relatives, in accordance with established protocols by our institutional Committee of Ethics and with the Declaration of Helsinki.(54)
Results
Clinical and imaging features
Over a period of 3 years a total of 286 patients with cerebral aneurysms were treated, we found 40 (14%) patients with kinking and 32 (9%) with tortuosity of the cervical ICA, from these subgroups, 16 patients (5.6% of the total) underwent endovascular stenting of the ICA tortuosity carotid with 18 corrected arteries. The sex ratio was of 7:1 for a female predominance, with a mean age of 62 ± 7.8 years. The only relevant fact in their past medical history was systemic hypertension in 6 cases (43%).
Aneurysms. They were all saccular and only one case of recent acute rupture was included (Hunt and Kosnik grade 3). In the group of non-ruptured cases, 7 (38%) were incidental, 7 (38%) presented with cranial nerve compression and 3 (16%) were seen because of a previous rupture of another aneurysm. They were located in the supraclinoid ICA in 16 (88%) of the cases DOI: 10.2478/romneu-2013-0008 and two (11%) on the anterior communicating artery. Concerning size, 8 (44%) were large and 3 (16%) were giant. The average neck size was of 6, 4 mm (± 3, 4) and dome-neck ratio was below 2 in 15 (83%) cases. Five patients harbored multiple aneurysms.
Kinking features. The kinking was mild in 8 (44%), moderate in 5 (27%), and severe in 3 (16%) cases. Tortuosity was present in only 2 (11%) cases. Tandem or double kinkings were found in 5 (27%) of the cases.
Technical obstacles leading to the indication of stenting. Some of them may coexist in the same vessel, and according to the aforementioned categories, their relative frequency was as follows: 1) inability to cross the kinked segment was observed in 3 (16%) 2) a partially obstructing guiding catheter was present in 4 (22%) cases, 3) the instability/excessive mobility of the guiding catheter existed in 3 (16%) arteries, 4) the instability/difficult navigation of intracranial devices (e.g., coils) was encountered in 3 (16%) cases, and 5) difficulties in delivering/deploying/stabilizing an intracranial stent 10 (55%) of the total. Procedure Carotid stenting. A carotid Wallstent (Boston Scientific, Fremont, CA) was used in all patients and a single 0.014" microguide wire (ChoIce® PT Extra Support Guide Wire, Boston Scientific, Fremont, CA) in most cases (10/18) 55%. In three patients an additional "buddy" microguide wire was necessary to provide an extra support, when a marked or a double kinking was present. In two cases a single stent was used, but the kinking was transferred beyond the stent. From then on, the aforementioned distal-to-proximal stenting technique was employed. Two stents were used in 11 (61%) cases, and three (16%) stents in 5 arteries. According to the aforementioned convention, all the arteries were satisfactorily corrected providing sufficient stability allowing a successful treatment of the target lesion, specifically facilitating the navigation of the microcatheter into the sac, sufficient packing of the aneurysm and the deployment of the intracranial stent in all cases. When considering the angiographic result, a complete correction was seen in 13 (72%) cases and a distal transfer of a curve in 5 (27%) of the cases, especially when a severe or double kinking was present. (Fisher's Exact Test, 2-sided, P = 0, 047).
Complications. No hemodynamical effects were seen. There was one case of postoperative groin hematoma. In another case, the stent was misdeployed producing an ICA dissection. The aneurysm was coiled and subsequent intraarterial and mechanical vascular rescue were attempted, with partial recanalization. The patient presented a left opercular stroke with residual aphasia, which was rehabilitated thereafter.
Aneurysm management. Stent-assisted coiling was the commonest strategy of treatment, either with a self-expandable stent (SES) in 10 cases (55%) or with a balloon-expandable stent (BES) in 5 cases (27%). SES were Neuroform3 stents (Boston Scientific, Fremont, CA) and BES were Pharos stents (Micrus Endovascular, Sunnyvale, CA). Three patients underwent a single coiling procedure and another two a sole stenting procedure. There was only one case of an acutely ruptured aneurysm which was partially coiled first, with a further stent-assisted coiling which required a stenting of the cervical carotid artery. Endovascular remodeling of tortuous cervical carotid artery Complications. One patient presented angiographic occlusion of a distal branch due to the treatment of the aneurysm. The clot resolved after intravenous glycoprotein IIb/IIIa receptor antagonist therapy. No clinical or imaging evidence of stroke could be shown.
Follow-up
The mean clinical follow-up period was of 22.7 ± 8.4 months (range: 8-40 months). At 6 months follow-up, the mRS was of 0 to 2 in 16(88%) patients, and mRS 3 in two patients, one stroke due to cerebral vasospasm, and other case of procedurerelated stroke (stent placement). An asymptomatic intimal hyperplasia occurred in two cases.
Discussion
Cervical tortuosity can limit endovascular approach (32). Cai et al treated 63 patients for ruptured and unruptured aneurysms, 10 patients required direct carotid puncture, and in other 3 cases, selective embolization of the aneurysm failed as the result of vessel tortuosity (32) . Technical limitations because of the anatomy of the cervical ICA and the anterior bend of its cavernous segment also affected 2 in another series of 36 patients scheduled for endovascular management of an intracranial stenosis (33) .
Severe tortuosity, Kinkings and intracranial aneurysms. In angiographic series, a kinking of the cervical ICA is present in 15 to 25% of the subjects (28, 34) . To our knowledge, there is no report specifying how the coexistence of intracranial aneurysms and ICA Severe tortuosity is frequent. However, in our multicenter/institutional series of intracranial aneurysms (n = 286) this association yielded an overall frequency of 14%.
The principal technical obstacles due to Severe tortuosity of the ICA were categorized in five groups:
1) inability to cross the kinked segment is the first obstacle. Ideally, the guiding catheter should be positioned as close of the skull base as possible to maintain a good support to navigate any endovascular device to the intracranial circulation (12) . However, in certain cases, a standard guiding catheter cannot be pushed across a kinked segment with the normally used guidewire. The attempts to overcome these resistance, may lead to complications as vascular dissection or rupture.
2) partially obstructing and instability guiding catheter Placement of a guiding catheter through a tortuous vessel may result in reduction or occlusion of blood flow (35) , increasing the risk of local and distal thromboembolism (36) .
Fusionar 3) instability/excessive mobility of the guiding catheter. Besides, even if the kinking is crossed and the guiding catheter is deep-seated in the right position, the catheter partially retains the curvature formed following the vasculature pathway. This is familiar to every interventionalist: the guiding catheter unavoidably drops down and goes back into the aorta. When a catheter inserted in a tortuous vasculature and is either obstructive or mobile beyond suitable limits, additional complications can arise, like dissection or ischemic events. Neuron delivery catheter (Penumbra, Inc., San Leandro, CA) was developed to enable distal catheterization of the intracranial vasculature with added stability and support of the microcatheter, but there are some limitations; The inner diameter of the catheter limits the ability to simultaneously advance a second microcatheter in cases such as balloon remodeling during aneurysm treatment. As reported by these authors, there was little success in using this system as initially designed: in general, the 0.018-inch wire was not robust enough to select the supra-aortic vessels easily.
4) instability/difficult navigation of intracranial devices was another important cause of technical failure. The ability to advance and maintain the stability of additional treatment devices is often a product of guide catheter steadiness (37, 38) . Even if the aneurysm is catheterized, the intrasaccular delivery of the coils needs some backup support. For instance, a soft coil can nearly always be passed through the microcatheter into the aneurysm, but sometimes the last loops cannot be deployed because the relatively stiff delivery wire will not negotiate very tortuous arteries (10).
5) difficulties in delivering, deploying and stabilizing an intracranial stent was the last, but not the least important obstacle to overcome. The major benefit of SES is their higher flexibility that allows endovascular access to distal and tortuous arteries (39) .
Early published experience with the Neuroform demonstrated higher rates of failure, but newer Neuroform iterations have resulted in some improvement in navigability, but a 4% inaccurate deployment rate was reported more recently (4, 40) . Early published experience with Enterprise showed a 2% inaccurate deployment rate and a 3% inability-todeploy rate because patients' anatomy (41) .
On the other side, when a SES is required, its navigation and deployment require more complex maneuvers, as the stabilizer must be kept in place, while unsheathing stent for deployment. (1) In our previous experience with elongated vessels, the most frequently encountered obstacle was a difficult navigation when using BES. However, the use of newer devices, as the BES Pharos® (Micrus Endovascular, Sunnyvale, CA) allows a smoother navigation in tortuous vessels (6, 42) .
Transitory straightening of the Severe tortuosity The straightening of the curved segments would abate these five aforementioned difficulties and enable a navigation involving minimal effort. Most of the anomalies were corrected by the placement of an extra support guidewire alone. The use of a second "buddy guidewire" has recently been introduced to neurointerventional procedures (15, 30, 37, 38) for the purpose of providing more steadiness to the guiding catheter in hostile anatomy. In some cases, this maneuver produces a mechanical distortion of tortuous arteries mimicking spasm or dissection and has been termed as "accordion effect" (43) . In our experience This transitory correction is by no means guarantee of a sufficient stability of the whole system.
Correction of the ICA with a stent
The technique of carotid stenting in this series has progressively evolved. There are two points of fixation of the cervical ICA, a proximal at the bifurcation and a distal at the entry into the pyramid bone (44): a straightening of the kinked segment only can in some cases produce another stentinduced kinking (45) beyond the stented segment (27) . In the distal-to-proximal technique, a first stent must be placed and deployed as close as possible to the base of the skull and the following must be deployed with an overlapping technique (46) until the full length of the ICA is straight. To achieve an adequate straightening, we consider that two stents are usually sufficient; in cases of severe kinking three stents may be required .
The straightening effects on vascular curves due to a lack of longitudinal flexibility of the Wallstent (45) are desirable in these particular cases. In cases of severe or of double kinking, a distal transfer of a slight curve occurred, but this little "step" did not prevent a farther comfortable navigation ( Figure 1 ). Our target is not the cosmetical result, but the functional result.
Efficacy and complications
The straightening of the ICA allowed our final End point: a safe navigation of the devices and the treatment of the target lesion in all cases (complex aneurysm).
The technique is not devoid of complications and a stroke occurred in one case. A more rigorous technique of this particular procedure can allow a minimization of the complications. Symptomatic intimal hyperplasia is exceptional, as a less intense inflammatory reaction is expected than in atherosclerotic vessels. We stress on the fact that is an ultimate resource, required only in cases where other maneuvers are more risky or impossible and was not used in a liberal fashion, as only 5,6% of the total aneurysm have been treated with previous stenting of the cervical ICA. Other options in case of carotid for the management of severe tortuosity (19, 20, 46, 47, 48) The surgical cut-down techniques (20) have been used for direct access to the vertebral artery, bypassing the aortic arch and proximal brachiocephalic vessels. It also has been recently applied in severe ICA tortuosity (17) . However, as it requires surgical dissection and exposure of the carotid artery, it is not bereft of complications. On the other hand, current regimes of anticoagulant/antiplatelet agents, coupled with demands for large guiding catheters for certain interventions, make direct carotid puncture risky both in terms of arterial injury and control of access site bleeding at the end of the intervention (19) .
Limitations of the technique
All our cases were highly challenging lesions requiring complex procedures and other available resources had failed. The use of an additional device (the carotid stent) can be adduced, but in complex cases, the use of multiple guidewires, the exchange of guiding catheters, the damage of intracranial stents navigated forcefully through this hostile anatomy also represent additional risks and costs, often ending up in an unsuccessful procedure. Antiplatelet treatment is not an issue as most of these patients have an indication for these drugs because of an intracranial stent.
The use of newer technologies may render this procedure unnecessary in the near future. Those devices are not always effective and may be unavailable in some centers. In the meantime, this procedure remains an option which can be used if necessary.
Conclusions
Tortuous of cervical carotid artery can increase the technical difficulties for a safe navigation of devices when treating aneurysms, especially in cases of assisted techniques. In selected cases, carotid stenting is an effective and relatively safe ancillary tool providing sufficient support guiding catheter. This stability facilitates an eventful and successful procedure, especially when intracranial stent placement is required. Technical refinements include the distal-to-proximal overlapping technique which affords a complete correction and avoids the transferal of the Severe tortuosity beyond the stented segment.
